ES cells that express polyoma large T antigen can rou-
When LIFR-negative ES cells were plated onto MEF feeder cells, a number of small, undifferentiated colonies tinely be "supertransfected" with plasmids carrying a polyoma origin of replication (ori) at a frequency of 1%, reproducibly emerged. Thus, while the major selfrenewal activity derived from MEFs acts via LIFR, anthree orders of magnitude greater than DNA integration efficiencies in ES cells. A cDNA expression library of 10 5 other mechanism(s) of sustaining ES cell propagation is operative. Consequently, we prepared a cDNA library independent plasmids can therefore be screened by episomal transfection of 10 7 cells. Provided selection from ES cell/MEF cocultures. LRK1 cells were transfected with library DNA and culis maintained, episomal propagation of the transfected DNA can be sustained for several weeks, allowing facile tured in the absence of cytokine according to the strategy outlined in Figure 1C . Two pools were identified recovery of DNA conferring a phenotype of interest. Additionally, robust cDNA expression is assured by avoidthat yielded morphologically undifferentiated colonies. Further analysis indicated that the active cDNA in both ance of epigenetic effects arising from chromosomal integration. pools encoded the same cDNA. Transfection of purified plasmid DNA produced self-renewing ES cell colonies Of various episomal constructs we have tested, the pPyCAGIP plasmid ( Figure 1A) gives the highest levels that expressed Oct4 ( Figure 1D ). The biological activity of the cDNA resides within the open reading frame (Figof cDNA expression. Puromycin selection rapidly eliminates untransfected ES cells removing a source of poure 1E). tentially confounding biological activities. However, in the absence of added LIF, supertransfection with empty pPyCAGIP vector yields mixed colonies containing unCharacterization of the Nanog cDNA A search for recognizable domains in the ORF using differentiated ES cells. This is due to production of LIF by differentiated cells (Rathjen et al., 1990) . In order to SMART (http://smart.embl-heidelberg.de) revealed the presence of a homeodomain between amino acid resieliminate this background, the lifr gene was deleted. LRK1 cells are maintained as undifferentiated ES cells dues 96 and 155, with no other obvious relationship to previously characterized proteins. A maximum of 50% by activation of gp130 using IL6/sIL6R. Compared to parental E14/T cells, they produce negligible stem cell amino acid identity over the homeodomain is found with Barx1, Msx1, and members of the NK2 family of homeocolonies when transfected with empty vector in the absence of cytokine ( Figure 1B) . proteins, with no conserved motifs outside the homeo- domain (Figure 2 ). The protein thus appears to be a C-terminal. In addition, the mouse sequence from residues 198-243 has a tryptophan at every fifth position. unique variant homeoprotein, which we named Nanog.
Orthologs of Nanog were identified by BLAST in the Despite a short insertion (rat) or deletion (human), the spacing of tryptophans is conserved, although one of rat (87% identity) and human (58% identity). Sequence conservation was most pronounced over the homeodothe tryptophans in the human is replaced by a glutamine. The first 31 amino acids of the tryptophan repeat in the main where identities were 94% (rat) and 87% (human) ( Figure 2B ). Outwith the homeodomain are 4 conserved two rodent sequences represent a simple reiteration of WnsQTWTNPTW (n ϭ G,S,N and s ϭ S,N). regions of 5 or more contiguous amino acids. A serinerich motif is N-terminal to the homeodomain, the others A B2 repetitive element is present in the 3Ј UTR of the Nanog mRNA ( Figure 2C ). This could contribute to carcinoma cell lines ( Figure 3C ). P19 EC cells showed reduced Nanog expression. Human Nanog mRNA was regulation of Nanog gene expression, since B2 elements detected in embryonal carcinoma cells but not lymphoid are expressed at high levels in embryonic cells (Ryskov cells ( Figure 3D ). During ES cell differentiation, Nanog et al., 1983). mRNA declined markedly ( Figure 3E ). In situ hybridizaThe ability of the putative human Nanog ortholog to tion of partially differentiated ES cell cultures showed function in mouse ES cells was tested by transfecting that Nanog expression was retained only in undifferenti-LRK1 cells. Although less effective than mouse Nanog, ated cells ( Figure 3B , right). Nanog transcript was undethe human sequence was capable of directing cytokinetectable in various adult mouse tissues by Northern hyindependent self-renewal ( Figure 2D ). We also tested bridization of total RNA ( Figure 3F ). the ORF of Nkx2.5, one of the mouse homeobox genes We investigated distribution of Nanog mRNA in the most closely related to Nanog. No cytokine-independent mouse embryo ( Figure 4) . No expression is evident durstem cell colonies formed; in fact, Nkx2.5 transfectants ing early cleavage stages. The first sign of Nanog mRNA appeared morphologically differentiated even in the is in compacted morulae. Strikingly, the hybridization presence of LIF. Thus, cytokine independence is specifisignal is localized to interior cells, the future inner cell cally conferred by Nanog and is not a common attribute mass (ICM). Blastocyst expression is confined to the of homeodomain proteins.
ICM and absent from the trophectoderm. In later blastocysts, Nanog mRNA is further restricted to the epiblast Nanog mRNA Appears Confined to Pluripotent and excluded from the primitive endoderm. By implantaTissues and Cell Lines tion stage, Nanog mRNA is downregulated. Nanog mRNA is expressed in ES cell/MEF cocultures We also examined Nanog expression in primordial but not by MEFs alone ( Figure 3A) . We eliminated hybridgerm cells, which can be converted into pluripotent EG ization of the Nanog cDNA to small B2 transcripts using cells (Matsui et al., 1992; Resnick et al., 1992) . Expresa probe restricted to the Nanog ORF and employed this sion is readily detectable in the genital ridges of E11.5 in all subsequent analyses. In situ hybridization conembryos ( Figure 4B ). firmed that ES cells were the source of expression in coculture ( Figure 3B ). Nanog mRNA was not detected ES Cell Identity Is Faithfully Maintained in parietal endoderm, fibroblast, and hematopoietic cell by Nanog Expression lines, but was abundant in ES cells, EG cells, and in
We introduced nanog into ES cells that do not contain polyoma LT. A loxP-containing construct was employed both LIF-dependent and LIF-independent embryonal transfectants were isolated and expression of transgene mRNA confirmed ( Figure 5B ). Cells were then seeded at low density and expanded in the presence of the LIF antagonist, hLIF-05 (Vernallis et al., 1997) for at least 7 days. hLIF-05 blocks the activity of all known LIF-R ligands. Parental cells treated in parallel underwent complete differentiation, yielding no passageable colonies. In contrast, cells expressing the nanog-IRES-pac cassette continued to proliferate as undifferentiated stem cells. Subsequently, cells were transiently transfected with Cre in the presence of LIF. Colonies in which the Nanog expression cassette had been eliminated were identified by expression of GFP and restoration of puromycin sensitivity. Chromosomal spreads were examined for several clones and in all cases found to be predominantly 40XY.
Colony assays were used to evaluate the phenotype of Nanog transfectants and their Cre-treated derivatives. From 25%-50% of colonies produced by parental ES cells in the presence of LIF can be classified as pure stem cell colonies, consisting solely of alkaline phosphatase positive undifferentiated cells, by the end of this 6 day assay. In the absence of LIF, parental ES cells form only differentiated cell colonies. Nanog transfectants, however, generated appreciable numbers ‫)%03ف(‬ of pure stem cell colonies even in the presence of hLIF-05, which blocks juxtacrine LIF activity. Cre-treated cells reverted fully to LIF dependence, demonstrating that this phenotype is directly attributable to Nanog overexpression. Similar observations were made for multiple different clones ( Figure 5C ).
In the presence of LIF, differentiation of Nanogexpressing cells was further reduced and the proportion of pure stem cell colonies rose to Ͼ60% ( Figure 5C ). This was accompanied by a change in the colony growth characteristics of the cells ( Figure 5D ). Without LIF, the Nanog expressers formed flat colonies of adjoining small cells with a scant cytoplasm that were indistinguishable from parental or Cre-reverted ES cell colonies in the presence of LIF. Addition of LIF caused the Nanog colonies to adopt a more tightly packed morphology in We examined the capacity for neuroectodermal differand then examined whether pluripotency and embryo entiation. Cells were aggregated and exposed to retinoic colonization capacity were sustained. acid, then plated on laminin-coated plastic (Li et al., The following procedure was performed with two in-1998). E14Tg2a parental cells gave rise to abundant neuronal cells that expressed neuron-specific type III dependent ES cell lines, E14Tg2a and ZIN40. Clonal Cytokine stimulation of LIF-R/gp130 and consequent activation of Stat3 is the only previously characterized pathway for sustaining self-renewal of mouse ES cells. The isolation of Nanog using LIF-R deficient ES cells and clonal expansion of parental ES cells in the presence of the LIF receptor blocking agent hLIF-05 demonstrates that Nanog bypasses LIF-R/gp130 stimulation. Furthermore, Nanog supports stem cell colony formation in the presence of the Jak inhibitor D6665, which abolishes cytokine-mediated activation of Stats. The possibility that Nanog might itself regulate Stat3 is ruled out by the finding that Stat3 activation is unaltered and can be completely abolished in Nanog transfectants. We conclude that Nanog can function independently of Stat3.
and incubated overnight in medium containing no addition (0), hLIF-05 (h), or 100 U/ml LIF (L). Cells were then lysed and analyzed by sequential Western blotting for P-Tyr (705) Stat3 and total Stat3. (D) Nanog is not a Stat3 target. ES cells expressing chimeric GCSFR-gp130 variant molecules in which the Stat3 binding sites are mutated (Y126-275F) or in which the negative regulatory tyrosine is mutated (Y118F) were stimulated with LIF (L) or GCSF (G; 30 ng/ml) for the indicated time (min). Northern analysis was performed by sequential hybridization with probes against Nanog, GAPDH, and SOCS3. Histogram shows phosphoimager quantitation of the data for Y126-275F cells, with signals normalized to GAPDH. (E) Nanog expression is not upregulated by MEK inhibitor. OKO160 ES cells carrying oct4␤-geo
However, in the absence of gp130 stimulation, endogenous Nanog expression is insufficient to sustain selfrenewal. As nanog appears not to be a transcriptional target of gp130, this implies that ES cells are normally and cytokine was withdrawn from the high-density plates. Cytokine cells onto a 10 cm 2 dish in medium alone or supplemented with LIF was maintained on the low-density plates to monitor transfection (100 U/ml) or hLIF-05. Approximately 20 hr later, cells were lysed in efficiency. (We estimate that 7,200 clones were screened. We subse-0.2 ml SDS sample buffer and 10 l aliquots analyzed for tyrosine quently screened a second independent library, and of an estimated phosphorylated Stat3 (NEB antibody 9131) and total Stat3 (Trans-66,000 clones, the only active cDNA isolated encoded Nanog.) Meduction labs antibody S21320). Erk1/2 activation was determined dium was renewed every 2 days until 9 days posttransfection. Mock as described (Burdon et al., 1999b USA 94, 5709-5712. pure stem cell, mixed, and fully differentiated. hLIF-05 was prepared in COS cells and used at a concentration that blocked 10 U/ml LIF.
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